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The suspension of keratinocytes containing episomal forms of the human papillomavirus (HPV)-31 genome in semisolid
medium results in the induction of viral late functions. In this study, the suspension in semisolid medium was used to analyze
how HPV deregulates the process of cell cycle exit during differentiation. In cells that contain the entire HPV-31 genome,
induction of late protein synthesis was found to be linked with the expression of cyclin A. Consistent with analyses in
organotypic rafts, the expression of the high-risk E7 oncoprotein alone was sufficient to retain cyclin A expression during
suspension-induced differentiation. The cyclin-dependent kinase inhibitors (CKIs) p27 and p57 were found to be up-regulated
in normal keratinocytes, as well as in the lines that express the HPV oncoproteins. The up-regulation of these CKIs is
coincident with the inhibition of cyclin/cdk activity in normal keratinocytes. Cells expressing E7 were found to retain
significant cdk2-associated kinase activity, although it was partially inhibited, coincident with CKI induction. When the
phosphorylation state of Rb was examined during differentiation, cells expressing E7 retained phosphorylated forms of Rb,
whereas Rb in normal keratinocytes was hypophosphorylated. As previously reported, E7-expressing cells were found to
contain less Rb protein than normal keratinocytes. Interestingly, the Rb levels decreased during normal keratinocyte
differentiation, and this differentiation-dependent reduction in Rb levels was enhanced by EG and E7 expression. This study
identified proteins that may be critical for cell cycle regulation during normal epithelial differentiation and demonstrated that
HPV oncoproteins alter their activities. © 1998 Academic Press
INTRODUCTION
Human papillomaviruses (HPVs) are small DNA vi-
ruses that induce hyperproliferative lesions in epithelial
tissues (Howley, 1996; Laimins, 1993). The HPV life cycle
takes advantage of two seemingly opposing processes
in the infected epithelium: differentiation and DNA syn-
thesis. The synthesis of HPV virions requires the differ-
entiation of the infected keratinocytes as well as the
stimulation of DNA replication in terminally differentiat-
ing cells (Cheng et al., 1995; Frattini et al., 1996; Halbert
et al., 1992; Meyers et al., 1992). The differentiation-
dependent late functions of HPV include the vegetative
amplification of viral DNA, induction of transcription from
a differentiation-dependent promoter p742, synthesis of
late proteins, and assembly of virions (Frattini et al.,
1996). These late functions are induced only in supra-
basal keratinocytes, which, in a normal epithelium, exit
the cell cycle as soon as they detach from the basement
membrane and leave the basal layer (Doorbar et al.,
1997). Because HPV genomes do not encode for en-
zymes for DNA synthesis, HPV must rely on the induction
of cellular proteins in differentiating keratinocytes to al-
low for amplification of the viral DNA and late promoter
transcription.
Many studies of how HPV oncoproteins alter epithelial
cell cycle regulation have been performed in monolayer
cultures of undifferentiated keratinocytes (Galloway and
McDougall, 1996; Munger et al., 1992; Vousden, 1994).
These studies have demonstrated that E6 and E7 of the
high-risk types are able to abrogate the control of cell
cycle checkpoints primarily through the binding and in-
activation of the tumor suppressor proteins p53 and Rb.
Rb has been shown to be the primary gatekeeper for the
entry of cells into S phase of the cell cycle, and the
expression of E7 inactivates Rb function (Vousden, 1994;
Weinberg, 1995). Some studies indicate that disruption of
Rb function may be sufficient to bypass G1/S arrest in
monolayer cells, whereas others have suggested that
Rb-independent functions of E7 may contribute to the
abrogation of this cell cycle checkpoint (Funk et al., 1997;
Hickman et al., 1997; Jones and Munger, 1997; Jones et
al., 1997; Morozov et al., 1997; Ruesch and Laimins,
1997). In organotypic raft cultures that are capable of
faithfully reproducing the viral life cycle in vitro, the ex-
pression of the E7 oncoprotein of the high-risk genital
HPV types is sufficient to induce DNA synthesis in su-
prabasal keratinocytes (Cheng et al., 1995; Halbert et al.,
1992). The E6 protein of the high-risk types inactivates
the function of p53 by binding and targeting it for degra-
dation (Vousden, 1994). p53, the most commonly mutated
gene in human cancer, induces cell cycle arrest or apop-
tosis in response to signals such as DNA damage or
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inappropriate DNA synthesis (Ko and Prives, 1996). Ab-
rogation of this function of p53 leads to the loss of
genomic integrity (Lane, 1992).
In vivo studies using transgenic mice that express
HPV oncoproteins in the lens of the eye demonstrated
that the expression of E7 induces abnormal proliferation
during lens differentiation, resulting in apoptosis, and
that these effects require the Rb binding domain of E7.
Coexpression of E6 with E7 in this system resulted in an
abrogation of E7-induced apoptosis and the develop-
ment of tumors resulting from uncontrolled proliferation
and cell survival (Pan and Griep, 1994, 1995). Further-
more, analysis of keratinocyte raft cultures expressing
various E7 mutants have shown that the Rb binding
domain of E7 is required for its ability to induce DNA
synthesis in suprabasal keratinocytes (Demers et al.,
1996).
Although differentiation of normal keratinocytes re-
sults in a rapid commitment to cell cycle exit, the regu-
lators critical for this cell cycle exit are not well defined.
The cyclin-dependent kinase inhibitors (CKIs) have been
implicated in coordination of the differentiation of many
cell types in vitro, and they have been shown to be
up-regulated during differentiation in vivo (Halevy et al.,
1995; Hauser et al., 1997; Missero et al., 1995; Parker et
al., 1995; Steinman et al., 1994; Yan et al., 1997). The CKIs
p21, p27, and p57 share a conserved cdk binding domain
that mediates inhibition of cyclin–cdk complexes, result-
ing in cell cycle arrest in response to signals such as
DNA damage, contact inhibition, and differentiation
(Harper, 1997). In addition, the cell cycle regulator Rb, a
downstream target of the CKIs, has been shown to be
critical in regulation of the differentiation-induced cell
cycle exit of myoblasts, the lens of the eye, and the
neurons of the peripheral and central nervous systems
(Macleod et al., 1996; Novitch et al., 1996; Zacksenhaus
et al., 1996b). The loss of Rb in these systems results in
abnormal proliferation and delayed differentiation. The
ability of Rb to block S phase entry depends on its
negative regulation of the E2F family of transcription
factors (Weinberg, 1995). Rb has also been shown to
have an important positive role in regulation of the tran-
scription of genes required for terminal differentiation
(Chen et al., 1996; Riley et al., 1994). CKIs therefore may
play an important role in terminal differentiation by inhib-
iting cyclin–cdk-mediated phosphorylation of Rb, as well
as through actions on as-yet-unidentified targets (Dimri
et al., 1996; Guo and Walsh, 1997; Yan et al., 1997). In
addition to its ability to inactivate Rb function, E7 has
recently been suggested to directly bind and alter the
activity of CKIs (Funk et al., 1997; Jones et al., 1997;
Zerfass-Thome et al., 1996).
In the present study, we analyzed the events that
regulate cell cycle exit in normal keratinocytes and in
HPV-containing keratinocytes during differentiation in
semisolid medium. The use of raft cultures for such
studies is technically difficult and not easily amenable to
biochemical analyses of differentiation-induced cell cy-
cle exit due to the presence of layers of both undifferen-
tiated and differentiated cells. We recently reported the
use of suspension in semisolid medium to induce the
differentiation of HPV-infected keratinocytes, resulting in
the activation of viral late functions (Ruesch et al., 1998).
Suspension of normal keratinocytes in semisolid me-
dium coordinately induces both their differentiation and
their exit from the cell cycle (Adams and Watt, 1989;
Green, 1977). When keratinocytes containing HPV were
suspended in semisolid medium, the cells induced tran-
scription from the late promoter p742, transcribed late
genes, expressed the late protein E1-E4, and amplified
viral DNA (Ruesch et al., 1998). Normal keratinocytes
induce the spinous layer markers involucrin and trans-
glutaminase, as well as the granular marker filaggrin,
when suspended in semisolid medium, whereas keratin-
ocytes containing HPV-31 induced the spinous layer
markers but showed reduced and delayed filaggrin ex-
pression (Ruesch et al., 1998). Because suspension of
keratinocytes containing HPV-31 faithfully induces these
differentiation-dependent HPV late functions, it provides
an easy and rapid alternative to raft cultures for analysis
of the effects of HPV on differentiation processes. We
used this system to examine how the expression of HPV
oncoproteins affected the differentiation-dependent in-
duction of CKIs and altered the commitment of keratin-
ocytes to cell cycle exit.
RESULTS
Keratinocytes containing episomal copies of HPV-31
induce the expression of the late protein E1-E4
and are enriched for cyclin A
Cells from the biopsy-derived CIN-612 line, which con-
tain episomal copies of HPV-31, amplify viral DNA, acti-
vate transcription from the late promoter p742, and in-
duce high-level synthesis of E1-E4 protein when placed
in methylcellulose. Furthermore, DNA amplification and
induction of E1-E4 synthesis occur in the same subpopu-
lation of CIN-612 cells and at similar time points after
suspension in semisolid medium (Ruesch et al., 1998).
Because amplification of viral DNA requires S phase-
specific cellular enzymes, we examined differentiating
CIN-612 cells that activated late viral functions for the
expression of an S phase marker, cyclin A. Previous
studies have demonstrated that cells expressing the
high-risk oncoprotein E7 are refractile to cell cycle exit in
a differentiated raft culture (Cheng et al., 1995; Halbert et
al., 1992). We first confirmed that keratinocytes contain-
ing the entire HPV-31 genome were able to retain the
expression of cyclin A compared with normal human
keratinocytes (NHKs) on differentiation in methylcellu-
lose. CIN-612 cells were placed in semisolid medium
containing 1.6% methylcellulose and examined for the
retention of cyclin A expression by immunofluorescence.
As shown in Fig. 1A, cyclin A expression is lost in NHKs
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by 20 h in methylcellulose, whereas CIN-612 cells re-
tained cyclin A expression in a subpopulation of cells
similar in size to that seen in monolayer cultures.
Because E1-E4 expression occurred in cells that also
contained amplified viral DNA (Ruesch et al., 1998), we
next investigated whether the induction of E1-E4 expres-
sion was linked to S phase through the use of dual
immunofluorescence for cyclin A and the HPV late pro-
tein E1-E4. It was not possible to perform fluorescence in
situ hybridization (FISH) to detect HPV DNA amplification
followed by cyclin A immunofluorescence because the
cyclin A antibodies were not compatible with the dena-
turation step required for the FISH. Given our previous
observation that DNA amplification and E1-E4 induction
were linked, we expected that the E4-positive cells
would be cyclin A positive. When these cells were ana-
FIG. 1. Induction of E1-E4 late protein in CIN-612 cells is linked to the retention of cyclin A expression during differentiation. (A) NHKs and CIN-612
cells from monolayers (0 h) or differentiation in methylcellulose (20 h) were stained by immunofluorescence for cyclin A protein. The percentage of
cyclin A-positive cells was counted and displayed as a graph. (B) CIN-612 cells in methylcellulose were examined by immunofluorescence for cyclin
A expression and induction of E1-E4 late protein. (Left) Stained for E1-E4. (Right) Same field stained for cyclin A. (Arrows) Two of the E1-E4-positive
cells are cyclin A positive, and one is cyclin A negative. (C) Quantification of the percentage of E4-positive cells that were also cyclin A positive over
time in methylcellulose. (Shaded bars) Percentage of cyclin A-positive cells in the total cell population. (Open bars) Percentage of E4-positive cells
that were also cyclin A positive. There is no 0-h (monolayer) time point for the E4-positive cells because induction of E1-E4 by immunofluorescence
is not detectable until 10 h in methylcellulose.
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lyzed at the earliest time points after suspension in
methylcellulose at which E1-E4 induction could be de-
tected, the E4-positive population was found to be en-
riched for cyclin A expression (Figs. 1B and 1C). After
10 h in methylcellulose, ;32% (32 6 7.6%) of all cells
were positive for cyclin A, but 59% (59 6 5.5%) of the
E4-positive cells were cyclin A positive (Fig. 1C). Induc-
tion of E4 protein was not detectable by immunofluores-
cence before 10 h, so earlier time points could not be
examined. At later time points, the percentage of E4-
positive cells that also were cyclin A positive declined,
indicating that cells that supported these HPV late func-
tions eventually exited S phase. This result suggests that
the induction of the late protein E4 occurs in cells that, at
least initially, retain cyclin A expression and is consistent
with idea that late gene expression occurs in S phase.
Cyclin expression of keratinocytes expressing the
viral oncoproteins in methylcellulose
We next investigated the mechanism by which cyclin A
expression was retained in HPV-containing cells sus-
pended in methylcellulose. Previous studies demon-
strated that the ability to deregulate cell cycle check-
points in monolayers was encoded by the E6 and E7
oncoproteins (Demers et al., 1994; Foster et al., 1994;
Hickman et al., 1994; Kessis et al., 1993; Slebos et al.,
1994). Furthermore, E7 expression was shown to be
sufficient to induce S phase markers in organotypic rafts
(Cheng et al., 1995; Halbert et al., 1992). We investigated
the contributions of E6 and E7 to these processes during
methylcellulose-induced differentiation. Studies using in-
tact mutant HPV genomes are complicated by differ-
ences in the state of DNA (episomal or integrated) and
the contributions of other viral proteins such as E2 and
E5. We therefore used cell lines generated after infection
by retroviruses expressing E6, E7, or both to examine the
roles of these proteins in altering cell cycle control dur-
ing differentiation.
Expression of the high-risk oncoproteins E6 and E7
has been shown to deregulate control of DNA synthe-
sis in monolayer cultures, transgenic animals, and raft
cultures. We first examined, as a function of time after
suspension in methylcellulose, whether keratinocytes
that express E6, E7, or E6 and E7 together (E6E7)
retain the expression of a marker of S phase, cyclin A,
compared with NHKs (Fig. 2). As expected, expression
of E7, either alone or together with E6, was able to
prevent the loss of cyclin A expression in methylcel-
lulose that occurs by 16 h in the NHKs (Fig. 2). Inter-
estingly, a larger percentage of E6 cells (12.4% and
9.4%) retained cyclin A after 16 and 24 h in methylcel-
lulose compared with NHKs (3.2% and 0.8%), respec-
tively. This indicates that E6 also may have a small
effect on the retention of cyclin A independent of E7
expression. The cells expressing E7 alone consis-
tently retained a larger cyclin A-positive population
than the E6E7 cells (Fig. 2). This is likely due to the
lower expression of E7 from the E6E7 retrovirus than
the E7-alone retrovirus, presumably because it is the
second open reading frame encoded by the E6E7 virus
(Halbert et al., 1991). Because E7 by itself is sufficient
for retention of cyclin A in this system, a retrovirus
expressing less E7 would have less dramatic effects.
This experiment confirmed that suspension of NHKs
results in the loss of expression of the S phase cyclin,
cyclin A, but that this is prevented by the expression of
FIG. 2. E7 and E6E7 cells retain cyclin A expression after differentiation by suspension in methylcellulose. The indicated cell types were suspended
in methylcellulose for the indicated times (hrs. in mcell.) and stained for cyclin A expression. The percentage of cyclin A-positive cells is shown.
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E7. As shown in Fig. 1A, cyclin A expression in CIN-612
cells did not decrease over time in methylcellulose
compared with E6E7 cells. This may be due to high
levels of E7 expression from the multiple copies of
viral DNA present in CIN-612 cells, the effects of other
viral gene products, or differences in the regulation of
E7 expression by the HPV promoter/enhancer com-
pared to the E6E7 retrovirus.
We next harvested cells after the indicated times of
suspension in methylcellulose and performed Western
blot analysis for the cyclins E, A, and B. The levels of
cyclin E remained relatively constant during differen-
tiation-induced cell cycle exit (Fig. 3). As previously
reported, cyclin E levels were higher in E7 cells than in
either NHKs or E6E7 cells (Ruesch and Laimins, 1997).
In agreement with the immunofluorescence data in
Fig. 2, cyclin A expression was nearly undetectable in
the NHKs and the E6 cells by 16 h. In contrast, E7 cells
did not show reduced cyclin A levels after suspension
in methylcellulose, and the reduction of cyclin A in
E6E7 cells was significantly delayed compared with
the NHKs. Consistent with this observation, CIN-612
cells also showed a delayed loss of cyclin A expres-
sion in methylcellulose (data not shown). When exam-
ined for the expression of the catalytic partner of
cyclins E and A, cdk2, NHKs and E6E7 cells did not
express significantly different levels of cdk2, and cdk2
expression did not change over time in methylcellu-
lose (data not shown). When extracts were examined
for cyclin B expression, we found a pattern similar to
that of cyclin A. Cyclin B levels were dramatically
decreased by 16 h in the NHKs and E6 cells, whereas
cyclin B expression was retained in the E7 cells and,
to a lesser extent, the E6E7 cells (Fig. 3).
Keratinocytes in methylcellulose induce the CKIs p27
and p57 but not p21
We next examined the expression of CKIs in these
lines after suspension in methylcellulose. Because CKIs
have been shown to be up-regulated during the differ-
entiation of many tissues, we determined by Western blot
analysis which CKIs were induced during the differenti-
ation of NHKs, E6, E7, or E6E7 cells. We found that the
CKIs p27 and p57 were dramatically induced in methyl-
cellulose (Fig. 4) and that this induction preceded or was
coincident with the loss of cyclin A expression in NHKs.
The induction of p57 was consistently seen very early, at
6 h, compared with p27, which was induced by 16 h.
Expression of p57 peaked at 16 h, whereas expression of
p27 continued to increase at 24 h. All lines showed a
similar ability to induce the expression of these CKIs,
indicating that neither E6 nor E7 acts by preventing the
induction of p27 or p57 during differentiation-induced
cell cycle exit (Fig. 4). A similar induction of p27 and p57
was seen in lines containing episomal copies of HPV-31
(data not shown). Interestingly, we found that the p53-
regulated CKI, p21, was not induced during differentiation
in this system (Fig. 4). As previously reported, E7 cells
contain a high basal level of p21 compared with NHKs,
likely because they have increased p53 protein levels.
Cells expressing E6 have p21 levels that are somewhat
reduced compared with NHKs due to the inactivation of
p53 by E6. Similar results were obtained from lines
generated from two separate retroviral infections. These
experiments demonstrated that p27 and p57 were up-
regulated during suspension-induced cell cycle exit in
keratinocytes. In the case of p57, this induction precedes
the loss of cyclin A, whereas for p27, it is coincident.
FIG. 3. Expression of cyclins is altered by E7 during differentiation in methylcellulose. Whole-cell extracts were isolated from each of the cell types
after suspension in methylcellulose for the indicated times (hrs. in mcell.). Proteins were separated by SDS–PAGE and analyzed by Western blot
analysis for the expression of cyclins E, A, and B.
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Retention of cdk2-associated kinase activity and
decreased Rb protein in E7-expressing cells during
differentiation
Because our studies demonstrated that CKIs were
induced during differentiation but that cyclin A expres-
sion was retained in E7-expressing lines during differen-
tiation, we next examined whether the kinase activity
associated with the catalytic subunit of cyclins E and A,
cdk2, changed during differentiation. Anti-cdk2 com-
plexes were immunoprecipitated from cells suspended
in methylcellulose and subjected to in vitro kinase as-
says using histone HI as a substrate. A graph of the
kinase activity from these lines as a function of time in
methylcellulose is shown in Fig. 5A. In the NHKs and E6
cells,cdk2-associated kinase activity was lost by 16–24 h
(Fig. 5A). In contrast, significant levels of cdk2-asso-
ciated kinase activity were retained in the E7 cells com-
pared with the NHKs (20 times more activity at 24 h). The
E6E7 cells showed less dramatic effects than the E7
cells but also retained more cdk2-associated kinase
activity compared with the NHKs (4 times more activity at
24 h). This is in agreement with Figs. 2 and 3, which
demonstrated higher total cyclin levels in the E7 cells
and, to a lesser extent, the E6E7 cells. Similar results
were obtained when the in vitro kinase activity of cyclins
A and E were assayed separately (data not shown).
Importantly, by 6 h, both the E7 and E6E7 lines showed
reduced cdk2-associated kinase activity, and this was
further reduced by the 24-h time point (Fig. 5A). This
reduction in cdk2 activity coincided with the induction of
p57 by 6 h and in p27 by 16 h, suggesting that these CKIs
were still functional in inhibiting cyclin–cdk2 complexes
(Fig. 4). We also detected increased amounts of p27
associated with cdk2 in both the NHKs and the E6E7
lines after suspension in methylcellulose, indicating that
neither E6 nor E7 interfered with the association of p27
with cdk2 (data not shown).
It was next important to establish that the in vitro
kinase activity that was retained in the E7 and E6E7 cells
was functional in vivo as measured by its ability to
phosphorylate the critical target, Rb. For these studies,
we analyzed the phosphorylation state of Rb by Western
blot analysis using extracts from cells suspended in
methylcellulose. Consistent with the loss of cdk2 activity
by 16–24 h, Rb phosphorylation was decreased to unde-
tectable levels in the NHKs and E6 cells by these time
points (Fig. 5B). In contrast, both the E7 and E6E7 cells
retained phosphorylated Rb at 16 and 24 h (Fig. 5B).
Interestingly, we consistently observed a dramatic differ-
entiation-dependent reduction in Rb protein levels at 16
and 24 h in the E7 and E6E7 lines. The levels of Rb
protein were also reduced on differentiation of all four
cell types (;twofold), and the reduction in Rb protein
levels was somewhat enhanced in cells that expressed
E6 and E7 (;fourfold) (Fig. 5C). Previous reports have
described the reduced stability of Rb protein in E7-ex-
pressing cells in monolayer cultures, and our studies
indicate that a reduction in Rb levels is promoted both
epithelial differentiation and E7 expression (Fig. 5C).
DISCUSSION
In this study, we used suspension of keratinocytes in
semisolid media to analyze how HPV deregulates the
process of cell cycle exit during differentiation. We pre-
viously reported that suspension of HPV-containing ker-
atinocytes in semisolid media induces cells to differen-
FIG. 4. The CKIs p27 and p57 are induced during differentiation in methylcellulose in all cell types. Whole-cell extracts were isolated from each
of the cell types after suspension in methylcellulose for the indicated times (hrs. in mcell.). Proteins were separated by SDS-0PAGE and analyzed by
Western blot analysis for the expression of the CKIs p21, p27, and p57.
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tiate and induce viral late functions (Ruesch et al., 1998).
This demonstrated the usefulness of this system in study-
ing differentiation-dependent aspects of HPV pathogen-
esis. We now report that the induction of HPV late func-
tions as measured by the synthesis of E1-E4 protein is
linked to the retention of the S phase-specific cyclin A.
FIG. 5. E7 expression results in the retention of cdk2 kinase activity, phosphorylation, and decreased levels of Rb protein during differentiation in
methylcellulose. (A) The cdk2 immunoprecipitates were isolated from whole-cell extracts from each of the cell types after the indicated time in
methylcellulose (hrs. in mcell.). The immunoprecipitates were subjected to in vitro kinase assays using histone H1 as a substrate, and the
incorporated radioactivity was quantified with a PhosphorImager and illustrated graphically. Results are from one representative experiment of two
that were performed. The 16-h sample of the E7-expressing cells was not examined in this experiment. (B) Phosphorylation of Rb in whole-cell extracts
correlates with the in vitro kinase activity associated with cdk2 over time in methylcellulose. (ppRb) Phosphorylated forms of Rb. (Rb) Hypophos-
phorylated Rb. (C) Quantification of the relative levels of Rb (both hypophosphorylated and phosphorylated forms) in all cell types. Rb protein after
0 (monolayer) and 24 h in methylcellulose was quantified by densitometry, expressed as a percentage of the NHK 0 hr time point, and plotted. The
results from two different experiments were averaged.
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Previously, the amplification of HPV DNA and induction
of high levels of E1-E4 protein were found in the same
population of cells in methylcellulose (Ruesch et al.,
1998). It is not clear whether this coupling of genome
amplification and late gene transcription is due to a
response to the same differentiation-dependent signals
or whether amplification precedes activation of the late
promoter (Frattini et al., 1996). When examined by dual
immunofluorescence for cyclin A and E1-E4, the popula-
tion of E1-E4-positive cells was enriched for cyclin A
expression, supporting the hypothesis that viral DNA
replication could occur in these cells. Interestingly, at
later time points in methylcellulose, the E1-E4-positive
cells appear to lose expression of cyclin A. This obser-
vation suggests that once genome amplification has oc-
curred, the cells that support HPV late functions may lose
the ability to replicate DNA.
We also confirmed the results of studies in organotypic
rafts that showed that the expression of E7 allowed for
the retention of the S phase-specific cyclin, cyclin A,
during keratinocyte differentiation (Cheng et al., 1995;
Halbert et al., 1992). It has also recently been demon-
strated that E7 expression results in the anchorage-
independent expression of cyclin A in mouse fibroblast
lines (Schulze et al., 1998). Although levels of cyclin E
protein during differentiation were relatively constant in
all of the lines, cyclin B expression showed a similar
expression pattern as cyclin A and was lost in the NHKs
but not in the E7-expressing lines.
The signals that control epithelial differentiation are
not clear, but it is likely that the CKIs play an important
role. Interestingly, we found that the CKIs p27 and p57
were dramatically up-regulated on differentiation in all
cell types examined but that the levels of the CKI p21
protein remained relatively unchanged. A recent study
using mouse keratinocytes also reported the induction of
p27 protein during differentiation in semisolid medium,
but other CKIs were not examined (Hauser et al., 1997).
Other reports have indicated that p21 is increased during
the calcium-induced differentiation of human and mouse
keratinocytes (Jones et al., 1997; Missero et al., 1995). It
is likely that neither suspension in semisolid medium nor
culture in high calcium induces complete normal epithe-
lial differentiation, so it is not surprising that each of
these systems may induce different CKIs, all of which
may be involved in epithelial differentiation in vivo.
Studies using transgenic mice lacking each of these
CKIs may provide insight into the relative contributions of
each of these CKIs in cellular differentiation. Although
p21 messages increase dramatically in the differentiat-
ing epithelium of the mouse, mice lacking p21 do not
show any abnormalities in the proliferation or differenti-
ation of the epithelium or other tissues (Deng et al.,
1995). In contrast, mice lacking p27 are large, their tis-
sues contain greater numbers of cells, and they develop
pituitary tumors similar to those seen in Rb(1/2) mice,
suggesting that p27 may play a role in the control of cell
proliferation in differentiating tissues. The enlarged
p27(2/2) mice, however, are otherwise grossly normal
and are not defective in the expression of markers of
differentiation (Fero et al., 1996; Kiyokawa et al., 1996;
Nakayama et al., 1996). Most significantly, mice lacking
the paternally imprinted p57 gene show delayed differ-
entiation of many tissues, increased apoptosis, and neo-
natal death (Yan et al., 1997). These studies indicate that
CKIs may have somewhat redundant functions but that
p27 and p57 are likely to be involved in regulating cell
cycle exit during differentiation. This also suggests that
p57 may have a positive role in inducing differentiation.
Our results demonstrate that p57 is up-regulated before
p27 and that the increase in both of these proteins is
coincident with the inhibition of cdk2 activity and loss of
Rb phosphorylation.
Despite the differentiation-induced increases of p27
and p57 in the E7 and E6E7 cells, a significant amount of
cdk2 kinase activity was retained. It is possible that the
retention of cdk2 activity is due to an increased expres-
sion of cyclins, which might act as a sink for the CKIs,
allowing for the retention of a fraction of cyclin–cdk
complexes that are not bound by CKIs and therefore
active. Supporting this hypothesis, we believe the CKIs
that were induced in the E7 and E6E7 cells were func-
tional because cdk2 activity decreased coincidentally
with the induction of p27 and p57 in all cell types exam-
ined. It has been reported that E7 binds p21 as well as
p27 and that E7 binding prevents the inhibition of cyclin–
cdk complexes by these CKIs. It remains possible that
the increased p27 and p57 were prevented from inhibit-
ing cyclin–cdk2 activity due to the presence of E7, in a
manner similar to reports of the ability of E7 to prevent
inhibition of cyclin–cdk2 activity by p21 or p27 in vitro
(Funk et al., 1997; Jones et al., 1997; Zerfass-Thome et al.,
1996). Other reports, however, have suggested that p21
is able to inhibit cyclin–cdk complexes even in the pres-
ence of E7, and our current results suggest that these
inhibitors are still functional and able to inhibit cdk ac-
tivity (Hickman et al., 1997; Jones and Munger, 1997;
Morozov et al., 1997; Ruesch and Laimins, 1997).
Through a large number of both in vitro and in vivo
studies, Rb has been shown to be required for cell cycle
exit during differentiation and may also positively regu-
late the expression of differentiation-specific proteins
(Macleod et al., 1996; Novitch et al., 1996; Riley et al.,
1994; Zacksenhaus et al., 1996a). Interestingly, we found
that not only did Rb remain phosphorylated in the E7
expressing cells during keratinocyte differentiation but
also the levels of Rb protein in these cells were dramat-
ically reduced after suspension in methylcellulose. One
explanation for this reduction could be that hyperphos-
phorylated Rb is turned over faster than hypophosphor-
ylated protein. Recent studies in proliferating monolayer
cultures have demonstrated that E7 expression results in
the degradation of Rb protein (Boyer et al., 1996; Jones et
al., 1997). In addition to a decrease in Rb levels in
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monolayers of E7-expressing cells, we observed a re-
duction in Rb levels on differentiation. This and other
studies suggest that E7 may inactivate Rb function dur-
ing differentiation via several means: direct binding and
release of E2F, phosphorylation through the retention of
cdk2 activity, and increased protein turnover. Acting to-
gether, these effects of E7 on Rb may result in a cell that
essentially is void of Rb function. Because the loss of Rb
results in the inability of terminally differentiating cells to
exit the cell cycle, it is not surprising that E7 may use
several methods to completely inactivate Rb.
Our studies further demonstrate that suspension in
methylcellulose provides a rapid and useful system for
the study of the differentiation-dependent functions of
HPV. We have shown that it is particularly useful in
studying how HPV alters the process of differentiation-
induced cell cycle exit. This system should allow identi-
fication of the signals that are required for initiation of
these processes on detachment from the basement
membrane.
MATERIALS AND METHODS
Cell culture and suspension in semisolid medium
NHKs were maintained in E medium with mitomycin-C
(Boehringer-Mannheim, Indianapolis, IN)-treated fibro-
blast feeders (Meyers et al., 1992). NHKs were isolated
from foreskin epidermis as previously described (Ruesch
et al., 1998). Cervical biopsy-derived CIN-612 cells have
been described previously (Meyers et al., 1992). PA317
cells producing 16E6E7, 16E7, and 16E6 amphotropic
retroviruses conferring neomycin resistance were a gift
of D. Galloway (Halbert et al., 1992). NHKs were infected,
selected, and pooled as mass cultures as previously
described (Ruesch and Laimins, 1997). Semisolid E-me-
dium containing 1.6% methylcellulose was prepared as
previously described (Ruesch et al., 1998). Three to 5
million cells were suspended in 1–2 ml of E medium and
added dropwise to a 10-cm Petri dish containing 25 ml of
E medium–1.6% methylcellulose. The mixture was stirred
until homogeneous, incubated for the indicated times,
and harvested by dilution in three 50-ml conical tubes
containing PBS and collection by centrifugation.
Immunofluorescence
Cells from monolayers or methylcellulose were sus-
pended in 100–300 ml of serum-free Dulbecco’s modified
Eagle’s medium (GIBCO BRL, Grand Island, NY) and
dried on specimen slides (Enzo Diagnostics, Farming-
dale, NY). For cyclin A immunofluorescence, cells were
fixed for 5 min at room temperature in 4% paraformalde-
hyde–PBS, washed 3 times in PBS, and permeabilized
and blocked in PBS–0.5% Nonidet P-40–1% BSA for 1 h at
room temperature. Rabbit anti-cyclin A (a gift of R. As-
soian) was diluted at 1:1000 in block and incubated for
1 h at room temperature followed by three washes with
PBS. Anti-rabbit Texas Red secondary antibody (Amer-
sham Life Sciences, Arlington Heights, IL) was diluted
1:200 in block and incubated for an additional 30 min to
1 h. Slides were washed three times in PBS and mounted
in 90% glycerol–10% PBS–50 mg/ml n-propyl gallate. For
dual cyclin A and E1-E4 immunofluorescence, cells were
fixed in paraformaldehyde and washed in PBS as above,
but an additional dehydration step in 100% ice-cold meth-
anol for 2 min was added. Slides were allowed to dry
before the addition of block. Incubations were performed
as above. Mouse anti-cyclin A (CC17; Oncogene Re-
search, Cambridge, MA) was diluted to 2 mg/ml, and
anti-mouse FITC (Amersham Life Sciences) was diluted
at 1:50. Rabbit anti-E1-E4 has been described previously
(Pray and Laimins, 1995) and was used diluted to 1:100
followed by anti-rabbit Texas Red diluted to 1:200. For
quantification, five independent fields totaling at least
250 cells were counted, and the average and standard
deviation values were calculated.
Western blot analysis
Whole-cell extracts were prepared and Western blot-
ting was performed using ECL (Amersham Life Sciences)
as previously described (Ruesch and Laimins, 1997).
Equal amounts of protein as determined with the BioRad
Protein Assay (Hercules, CA) from each of the cell lines
were separated on SDS–PAGE before transfer to PVDF
membrane (Millipore, Bedford, MA). The following anti-
bodies were used at 0.5 mg/ml: anti-cyclin E (HE12;
Pharmingen, San Diego, CA), anti-cyclin A (sc-239; Santa
Cruz, Santa Cruz, CA), anti-Rb (sc-50; Santa Cruz), anti-
p27 (K25020; Transduction Laboratories, Lexington, KY),
and anti-p21 (15091A; Pharmingen). The following anti-
bodies were used at 1.0 mg/ml: anti-cyclin B (14541A;
Pharmingen) and anti-p57 (PC117; Oncogene Research,
Uniondale, NY).
In vitro kinase assay
Whole-cell extracts were prepared in lysis buffer and
in vitro kinase assays were performed as previously
described (Ruesch and Laimins, 1997). Protein (0.3 mg)
was diluted to a volume of 0.5 ml in lysis buffer, and cdk2
was immunoprecipitated with 1 mg anti-cdk2 (sc-163;
Santa Cruz) antibody followed by Protein A–Sepharose.
Assays were performed according to a method de-
scribed previously (Koff et al., 1991). Immune complexes
were washed four times with cold lysis buffer followed by
four washes with cold kinase buffer (50 mM Tris, pH 7, 10
mM MgCl2). The remaining kinase buffer was aspirated
with a 25-gauge needle, and beads were resuspended in
50 ml reaction buffer consisting of 30 mM ATP, 1 mM
dithiothreitol, 0.1 mg/ml BSA, 1 mg histone H1, and 10 mCi
[g-32P]ATP. After incubation at 37°C for 20 min, 50 ml
SDS–PAGE sample buffer containing dithiothreitol was
added, and the beads were heated to 95°C for 5 min and
separated by SDS–PAGE. Incorporated radioactivity was
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quantified with a Molecular Dynamics PhosphorImager
(Sunnyvale, CA) with ImageQuant software.
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